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osting by EAbstract In order to achieve the results that meet the speciﬁcations of a given project, like engi-
neering surveys and deformation measurements, the knowledge of the reliability and accuracy of
the surveying equipment is inevitable. Precise digital levels and reﬂectorless total stations are used
nowadays for several applications in geodetic engineering due to their highly accurate and fast
measurements in an automated measuring process. A shortcoming is that they give less accurate
measurements in some cases of observations. There are several sources of errors which have an
effect on the accuracy of staff reading during digital leveling such as the effect of sun, and therefore
have to be investigated. The quality and accuracy of measurements of electronic surveying instru-
ments may be affected by the capacity of instrument battery which may be worked for long time in
the ﬁeld. This paper investigates the effect of sun on the accuracy of digital level measurements and
investigates also the effect of battery capacity on the accuracy of total station and digital levels
observations. The paper is performed also to ﬁnd out the effect of inclined angle of reﬂecting sur-
face, its colors and types on the accuracy of reﬂectorless total station measurements which have a
great inﬂuence on monitoring the deformation of cylindrical and domical structures. The results ofcom (A.A.A. Beshr), eng.aaa-
ering, Alexandria University.
. All rights reserved.
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400 A.A.A. Beshr, I.M. Abo Elnagapractical measurements, calculations and analysis of the interesting tests using least squares theory
and computer programs are also presented.
ª 2012 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The appearance of new surveying instruments, such as pre-
cise digital level and reﬂectorless total station, requires inves-
tigating its basic technical parameters to improve the
geodetic measurement techniques. Digital leveling is a system
of determining height differences between two points using
near fully automatic instruments and methods. This is
accomplished by the use of a pattern recognition imaging
system built into the level instrument and level rods gradu-
ated with a special bar code. The user points the instrument
at one of the special rods, focuses as clearly as possible, and
presses a button to take the measurement. An image of the
barcode rod is received at the instrument and is correlated
to an internal digital image of the rod [1]. This allows the
internal software to determine, where the level line of sight
is intercepting the rod. The height above the footplate or
zero point is then computed along with the horizontal dis-
tance to the rod. These measurements are displayed and
used to compute the difference of elevation between the
backsight and foresight rods. Apart from this automation,
leveling with a digital level is much the same as with an
optical level. In fact most digital levels can be used optically,
but digital level eliminates reading errors, observer fatigue
errors and the need of a manual recorder person [1,2].
There are several sources of errors arising in digital level-
ing which are known to have a systematic effect on the
accuracy of staff readings and therefore it is necessary to
investigate these modern level instruments to check that they
meet the degree of accuracy required by leveling speciﬁca-
tions of the speciﬁed project.
The emergence of reﬂectorless total station allows work-
ing without special reﬂectors (prisms). It is now possible
to measure without long and tedious search of prisms to lift
the reﬂector under the roof of buildings, stands for the
installation of the prism above the ﬂoor in a room with high
ceilings, just to see the necessary point. The principle of
work of reﬂectorless total station is the same as that of a
simple total station: measuring the inclined (slope) distance
to the object, as well as two angles (horizontal and vertical),
which ultimately makes it possible to calculate the point
coordinates.
As known from the laws of reﬂection that the incident
ray, the reﬂected ray emitted from reﬂectorless total station
and the normal to the reﬂection surface at the point of the
incidence lie in the same plane and the angle which the inci-
dent ray makes with the normal is equal to the angle which
the reﬂected ray makes to the same normal [5]. Therefore,
the inclined angle, type and color of the reﬂecting surface
will substantially affect the energy of the reﬂected ray from
this surface to total station and consequently the accuracy of
instrument observations. So, it is necessary to investigate the
effect of inclined reﬂecting surfaces which are made from
different materials and painted in different colors.2. Comparing the accuracy of precise optical level and digital
level observations
To study practically the accuracy of digital level observations
and compare its value with the accuracy of precise optical le-
vel, the ﬁrst experimental test is done in laboratory. The used
digital level is Trimble DiNi No. 706531, which has least count
staff reading 0.01 mm, and its associated bar-code staff and the
used automatic precise level is NI007. The test depends on
determining the mean square error (standard deviation) of 25
measurements of height readings from different distances be-
tween level and staff. The position of automatic precise level
is the same position of digital level position. Measurements
were made at six stations of level, each of which was carried
out 25 times on the staff at distances: 4.2 m, 10.1 m, 15.2 m,
21.4 m, 25.1 m and 28.7 m. The test was carried out during
the daytime under natural light and temperature of 27 C.
For the analysis of the results, the mean square error of staff
readings measurements was calculated for all positions
depending on the following formulae:
mh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1v
2
i
n 1
r
; ð1Þ
where vi – the difference between staff reading i and the mean
of all observations.
A comparison of mean square errors of staff readings re-
sulted from digital level Trimble DiNi and precise automatic
level NI007 is done. The results are illustrated in Fig. 1. As
seen in Fig. 1, the difference between measurement errors re-
sulted from used digital levels and optical levels differs on aver-
age by 10–15%.3. Studying the effect of sun position on the accuracy of digital
leveling
As known that there are several sources of error which have an
effect on the accuracy of digital level observations; for example
the daytime of ﬁeld observations because of the sun position.
In this paper, the effect of sun position on the accuracy of staff
readings and horizontal distances measured by digital level is
investigated practically.
The test was carried out outdoors (open area) using digital
level Trimble DiNi and its bar-code staff. Measurements were
made from different level positions at different distances to
staff; namely 5.1 m, 10.2 m, 15.1 m, 20.3 m, 25.3 m and
30.1 m. The readings were taken in the direction of the sun
and in the direction opposite to sun 25 times at each level
position.
The test was carried out in the daytime at a temperature of
34 C. The results of staff readings and horizontal distances in
the directions of sun and opposite to sun are illustrated in
Table 1. Based on the obtained results, a comparison of staff
readings and horizontal distances resulted from digital level
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Figure 1 Comparison the accuracy of precise level and digital
level observations.
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results, it is seen that:
– Increasing the distance between the digital levels and bar-
code staff will increase the errors of staff readings and hor-
izontal distances.
– The difference between errors of staff readings and dis-
tances, obtained in the direction of sun and opposite to
sun becomes greater.
Based on the results of the experimental study, formula for
determining the errors of the staff readings resulted from dig-
ital levels can be established. The derived equations of staff
reading errors are formed and satisﬁed by the method of least
squares technique, depending on the length of sight ray of dig-
ital level (the distance from level to bar-code staff) for different
conditions of observations, as shown in Table 2. Thus, exper-
imental studies have shown that the value and accuracy of
point elevations substantially affected by illumination of the
incident sunlight.
The effect of sun on the accuracy of digital leveling appears
clearly at sun rising and sunset in the case of carrying out
observations in east–west direction. In this case of observa-
tions, one of the bar-code staves will be in the direction ofTable 2 The equations of staff readings errors resulted from digital
conditions of observations.
Measurement conditions
In laboratory
Outdoors (observations in the direction opposite to sun)
Outdoors (observations in the direction of sun)
Table 1 The mean square errors of digital level observations in the
In the direction of sun Mean value of distance, m
Mean square error of staﬀ readings, m
In the direction opposite to sun Mean value of distance, m
Mean square error of staﬀ readings, msun and the other will be opposite this direction, so the resulted
accuracy of leveling will not be the same. To overcome this
obstacle, we recommend carrying out leveling in a staggered
path as shown in Fig. 2.
4. Investigating the effect of battery capacity on the digital levels
and total stations observations
The quality and accuracy of measurements of modern elec-
tronic surveying instruments may be affected by the capacity
of instrument battery which may be worked for long time in
the ﬁeld. The author of [3] offers a method of investigating
the stability of the measuring unit of terrestrial laser scanner
(TLS) to deduce the required heating time of scanner in order
to ensure stable operation of the measuring units. In this pa-
per, a study of the inﬂuence of battery capacity on the accu-
racy and reliability of slope distances, horizontal and vertical
angles measured by reﬂectorless total station, as well as obser-
vations of digital levels is presented.
The ﬁrst test was carried out to investigate the inﬂuence of
battery capacity of reﬂectorless total station on the accuracy of
its measurements. An electronic total station Leica TCR 405
Power was used, which has the accuracy of measuring distance
is 3 mm± 3 mm/km in reﬂectorless mode; and the accuracy of
measurements of vertical and horizontal angles equal to 5//.
The test was carried out afternoon from 1:35 pm to 4:55 pm
(the period of battery work equals 3 hours and 20 min) in
laboratory by recording ﬁve continuous reﬂectorless measure-
ments of distances and directions at intervals of about every
7.5 min during the period of total station working power
without further adjustment of orientation of the telescope
(horizontal, vertical angles and distances have not changed
during the test). Short distance between the instrument and
the target 7 m is chosen to reduce the atmospheric effect as
minimum as possible.
Based on the measured values (inclined distance, horizontal
and vertical directions), three charts were constructed; on
which the X-axis expresses the time of work of total station
battery, and the vertical axis expresses the values of measured
parameters (distances or angles), one of these charts is shown
in Fig. 3. On each chart a straight forward plot is developed
and it is constructed on the basis of the trend line equation,level based on the sight distance from level to staff for different
Derived equation of errors, where D in m
mstaﬀ error = (0.012 + 0.0013D) mm
mstaﬀ error = (0.012 + 0.007D) mm
mstaﬀ error = (0.039 + 0.0061D) mm
direction of sun and in the direction opposite to sun.
5.1129 10.0511 15.0772 20.1969 25.2262 30.1353
m 0.079 0.095 0.131 0.152 0.197 0.228
5.0713 10.0673 15.0882 20.4595 25.2555 29.9769
m 0.036 0.0639 0.075 0.127 0.164 0.2098
402 A.A.A. Beshr, I.M. Abo Elnagain which the unknowns are the coefﬁcient a, characterizing the
degree of stability (S, c and a), and the free term b, character-
izing the magnitude of systematic errors of measured dis-
tances, horizontal or vertical angles. The initial data for
constructing the trend is the deviation of the measured value
from the mean value and the time of the total station from
the beginning of its run (ti). Determination of unknowns a
and b are executed by the method of least squares. From anal-
ysis the results, it is seen that the average distance decreases by
about 0.5 mm, and vertical and horizontal directions increased
by about 3// and 4//, respectively, for the period of battery
work (3 h and 20 min). The results of determining the coefﬁ-
cients are shown in Table 3.
By the same way the second test was carried out for digital
level Trimble DiNi No. 706531 in order to study the inﬂuence
of battery capacity on the accuracy of digital level observations
(staff readings and horizontal distances). The test is done from
1:40 pm to 4:10 pm (period of battery working 2 h and
30 min). During this period the digital level recorded the staff
readings and the horizontal distances every 5 min. The tele-
scope of the instrument did not change during the period of
testing.
Based on the obtained results, a graphical representation is
established to explain the relation between the working time of
digital level battery and the staff readings and also the horizon-
tal distance. A straight line is constructed on the basis of the
trend line equation. From analysis the results of practical
study, it is deduced that the staff readings decreased by
0.35 mm and the measured horizontal distance also decreased
by 4 mm during the time of battery (2 h and 30 min). There-
fore, we recommend when performing more accurate measure-
ments, like deformation monitoring, it is necessary to begin
with a full charged battery.
5. Accuracy of point coordinates from reﬂectorless total station
The principle of work of reﬂectorless total station is determin-
ing the position of any point B in three dimension coordinates
(XB, YB and ZB) from its basic measurements (horizontal and
vertical angles together with slope distances) without using
reﬂectors (prisms).The coordinates of any point (B) can be
determined by using total station as following [4]:
XB ¼ XA þþS cos c sin a;
YB ¼ YA þþS cos c sin a;
ZB ¼ ZA þ S sin c
9>=
>; ð2Þ
where XB, YB, XB – the coordinates of observed point B; XA,
YA, ZA – the coordinates of the occupied station A; and c, a,
S – the vertical, horizontal angles and inclined distance
respectively.
Eq. (2) have three unknown parameters (XB, YB, XB) and
three observations. So there is no redundancy of observations,
then this situation has a unique solution so the multivariate
propagation technique (Jacobean method) will be used to
determine the accuracy of coordinates of point B:
C X
3;3
¼ J3;3  C l
3;3
 JT3;3 ð3Þ
where CX – variance–covariance matrix of unknowns, J – coef-
ﬁcient matrix (Jacobean coefﬁcient), CL – variance–covariance
matrix of unknowns.By differentiating Eq. (2) and substituting in Eq. (3), the
following formulae can be deduced:
m2X¼ðsinacoscÞ2m2s þðScosacoscÞ2m2aþðSsinasincÞ2m2c ;
m2Y¼ðcosacoscÞ2m2s þðSsinacoscÞ2m2aþðScosasincÞ2m;
m2Z¼ðsincÞ2m2s þðScoscÞ2m2c ;
9>=
>;
ð4Þ
where mS, ma, mc – standard deviation (accuracy) of measured
inclined distance, vertical and horizontal angles of the used
instrument respectively.
The values mS, ma, mc can be taken from the speciﬁcations
of the instrument or from experimental tests. By substitution
with Eq. (2) in Eqs. (4) assuming that the occupied station
(point A) has coordinates (0, 0, 0), we deduce the following
formulae:
m2X ¼ Xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2þY2þZ2
p
 2
m2S þ ðYÞ2m2a þ ZXﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2þY2
p
 2
m2c ;
m2Y ¼ Yﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2þY2þZ2
p
 2
m2S þ ðXÞ2m2a þ ZYﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2þY2
p
 2
m2c ;
m2Z ¼ Zﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2þY2þZ2
p
 2
m2S þ ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X2 þ Y2
p
Þ2m2c
9>>>>>=
>>>>>>;
ð5Þ
It is important to note that Eq. (5) can be used for deter-
mining the accuracy of any point from the cloud of points
which are measured from terrestrial laser scanner because in
all cases of ﬁeld observation of laser scanner, the coordinates
of occupied instrument station equal (0, 0, 0). The best posi-
tion of the total station for achieving good accuracy, especially
in deformation monitoring, is determined by the object dis-
tance (D0), which minimize the values of (mX, mY, mZ) [4].
There is no value to (Do) but there is only value, which satisﬁes
one of the following criteria:
(1) mX =minimum, (2) mY =minimum, (3) mZ =mini-
mum, (4) R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m2X þm2Y þm2Z
p
=minimum
Every one of the ﬁrst three criteria gives the maximum pre-
cision in one coordinate regardless the other two coordinates
consequently none of them is preferable. The fourth criterion
is adopted, as it takes into account the three coordinate preci-
sions. For derivative using MathCAD program, the best
parameters are as follows: Horizontal angle (a) = 0 and verti-
cal angle (c) = 0.
For distance, it is obvious that there is no optimum distance.
But when the distance between the instrument and the point in-
creases, the standard deviation will increase, consequently, the
accuracy will decrease. A theoretical study was performed to
study the effect of error in instrument position distance, hori-
zontal and vertical angles on the accuracy of the point coordi-
nates. In theoretical study, a point (B) is monitored from
instrument station at point (A), assuming ma = mc = 1
// and
mS = 3 mm+ 2 ppm. Three cases are discussed to determine
the coordinates of point (B) and its accuracy as following:
(1) When horizontal angle (a) = 0, vertical angle (c) = 0
and slope distance (S) = variable.
(2) When horizontal angle (a) = 0, vertical angle (c) = var-
iable and slope distance (S) = variable.
(3) When horizontal angle (a) = variable, vertical angle
(c) = 0 and slope distance (S) = variable.
(a) First program of observations 
East
East 
West 
West 
(b) Second program of observations 
Bench mark 
Digital level position 
Staff position 
Bench mark 
Digital level position 
Staff position 
Figure 2 Schematic diagram of digital level and bar code staff positions to carry out leveling in east west direction to avoid sun effect.
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the effect of change in instrument position distances on the
standard deviation in X-direction is less than the change of hor-
izontal angles, but in Y-direction the effect of change in instru-
ment position distances is greater than the change of
horizontal angle. The effect of horizontal angle error on Z-
direction is very small but the error in vertical angle has a great
inﬂuence on the standard deviation in Z-direction.6924.05
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Figure 3 The values of inclined distance measured by reﬂector-
less total station based on the time of battery capacity.6. Studying the inﬂuence of inclined angle, color and type of the
reﬂecting surface on the accuracy of reﬂectorless total station
observations
As known the laser beam emanates from the emitter of reﬂect-
orless total station and is reﬂected from the surface of the ob-
ject and returns to the receiver [6]. The angle of laser beam
reﬂection equals the angle of depression [5,7]; therefore the in-
clined angle, type and color of the reﬂecting surface will sub-
stantially affect the energy of the reﬂection of the laser
beam. So, monitoring the deformation of cylindrical structures
and domes (these types of structures appear in tanks, tunnels,
roof of mosques, roof of reactors, etc.) with reﬂectorless total
station requires investigating the effect of inclined surfaces
which are made from different materials and painted in differ-
ent colors.
This section is performed to ﬁnd out the effect of inclined
angle of reﬂecting surface, its colors and types on the accuracy
of slope distance measured by reﬂectorless total station. To
achieve this goal, three tests have been done.
The ﬁrst test is performed to study the effect of reﬂecting
surface color on the accuracy of slope distance. The used total
station is Leica TCR 405 Power. To simulate the reﬂecting sur-
face of structures with different colors, six rectangular targets
Table 3 Derived equations for total station Leica TCR 405 Power observations depending on the time of battery working.
Type of observations Equation Coeﬃcient of correlation
Distance (DS) DS= 0.0015 ti  0.0665 R2 = 0.8817 then R= 0.939
Vertical direction (Dc) Dc= 0.0084 ti + 0.8348 R
2 = 0.5443 then R= 0.745
Horizontal direction (Da) Da= 0.0158 ti + 0.1208 R
2 = 0.9398 then R= 0.969
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Figure 4 Comparison the mean square errors of inclined distance
measured by reﬂectorless total station for different colored targets.
404 A.A.A. Beshr, I.M. Abo Elnagawith different colors were selected (white, red, black, blue,
green and yellow). For ﬁeld data collection, the following pro-
cedure of carrying out measurement has been developed.
Colored targets were set at different distances in increments
of approximately 10 m. The inclined angle of the targets at all
positions was equal to zero. For each color, 20 measurements
of slope distance were taken at each target position for each
color. Based on the results of experimental work, graphical
representation is constructed, where the X-axis expresses the
distance from instrument to the target and the Y-axis expressesWhite 
Telescope of theodolite 
Figure 5 Schematic diagram for ﬁxing the white targetthe standard deviation of the measured inclined distance. The
graph is constructed for all target colors as shown in Fig. 4.
As seen in Fig. 4, increasing the distance between the total
station and the target leads to increase the errors in measuring
the slope distances of all colors. The resulting accuracy of mea-
sured slope distance for the white surface is higher than the
accuracy of any other surface color; hence this surface has
the strongest reﬂectivity for reﬂectorless total station ray as
compared with any other surface. The surface of the black tar-
get has a very low-reﬂectivity, so it absorbs more energy.
The second test was performed to investigate the inﬂuence of
inclination angle of reﬂecting surface on the accuracy of mea-
sured slope distance by reﬂectorless total station. In this test,
rectangular white target was used. To simulate the inclination
of the reﬂecting surface, the target was ﬁxed on the telescope
of a theodolite (Fig. 5). Each telescope placement, theodolite ro-
tated by 5 from 0 to 45. At each inclination angle of telescope,
total station was aimed to the target and the inclined (slope) dis-
tance from the instrument to the white target was measured 20
times. The test was repeated at three different distances from to-
tal station to the target (8.23 m, 18.97 m, 27.45 m). The stan-
dard deviation for each group of observations at each
inclination angle was calculated.
The results show that increasing the inclination angle of
reﬂecting surface leads to increase the errors of slope distance
measured by the reﬂectorless total station. The total station
cannot measure when the inclination angle of reﬂecting surface
has a big value, this is because the instrument cannot ﬁnd the
surface which reﬂects the incoming laser beam. So, in perform-
ing observations for inclined surface by using reﬂectorless totalinclined target 
Initial position of target 
Incident ray 
θ reflecting
θ incid. = α
on the telescope of theodolite with incidence angle.
Table 4 The mean square errors for inclined distance mea-
sured by reﬂectorless total station for targets made from
different materials.
Type of target material Mean square error (mm)
Brick target 0.208
Concrete target 0.306
Wood target 0.244
Plasterboard target 0.232
Ceramics target 0.221
Unpainted metal target 0.318
Investigating the accuracy of digital levels and reﬂectorless total stations for purposes of geodetic engineering 405station, we recommend to use small target (for example
2 cm \ 2 cm); these target will ﬁx perpendicular to the inclined
surface and consequently the observations can be done.
The third test was carried out to investigate the inﬂuence of
the type of reﬂecting surface material on the accuracy of slope
distance measured by reﬂectorless total station. To simulate
the different types of reﬂecting surface materials, six different
targets made from different materials were selected (brick, con-
crete, wood, plasterboard, ceramics and unpainted metal
targets).
All the targets are ﬁxed in the same position at distance
11.296 m from total station. The inclined angle for all targets
is kept to equal zero. For each target, the observations of slope
distances were measured 20 times. The mean square error is
calculated for each material type and listed in Table 4. It is de-
duced that the surface material type has a great inﬂuence on
the accuracy of reﬂectorless total station observations, for
example the unpainted metal target was the worst reﬂecting
surface and the brick target was the best.
7. Conclusion
Based on the analysis of the theoretical and experimental study,
the following conclusions can be summarized:
(1) The appearance of precise digital level will make the
process of leveling easier and automatic and will save
the observation time and also more accurate by 10–
15% than optical leveling.
(2) The inﬂuence of the sun position on the errors of leveling
observations resulted from digital leveling is signiﬁcant.
So during the high-precision leveling by using digital levels,
for example monitoring the structural deformation, it is
important to take into consideration the position of the
sun above the horizon, because the error of the digital levelobservations when the telescope is placed in the direction of
the sun increases the observations errors at an average of
30–35%.
(3) Total station Leica TCR 405 Power can perform reﬂect-
orless slope distances on different surfaces made from
different materials and painted with different colors.
The accuracy of slope distances and angles measure-
ments by this instrument is less than the speciﬁed value
of accuracy in its speciﬁcations.
(4) It is found that the battery capacity of electronic survey-
ing instruments has a clear effect on the measurements
because practical tests proved that decrease in battery
capacity increases the measurements errors.
(5) Accuracy of reﬂectorless total station observations depends
mainly on the power of the signal, which is reﬂected from
the reﬂecting surface. The intensity of the returning signal
depends on the distance from total station, the angle of incli-
nation of the reﬂecting surface, the angle of incidence, and
reﬂectivity of reﬂecting surfaces which have different color
and made from various materials. It is found that the white
reﬂecting surface has a stronger reﬂectivity than any other
surface. Increasing the angle of inclination of reﬂecting sur-
faces also provides an increase in measurement errors.
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